A far-field microwave imaging technique has been developed using a spintronic sensor based on a magnetic tunnel junction (MTJ). Such a sensor can directly rectify a microwave field into a dc voltage signal using the Seebeck effect. Thanks to the high conversion efficiency of the microwave rectification in MTJs, the microwave power sensitivity of the spintronic sensor is on the order of 1-10 mV/mW. This high sensitivity allows the sensor to directly measure the coherent spatial scattered microwave field distribution, which gives it the ability to non-destructively detect hidden objects down to a few wavelengths in size. V C 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4769837] Electromagnetic waves at microwave frequencies can penetrate optically opaque and non-conducting materials and interact with subsurface structures in addition to structures on the surface of the material. This subsurface imaging allows embedded defects and/or hidden objects to be nondestructively detected by viewing the contrasting dielectric properties of the defect and the surrounding structure. [1] [2] [3] [4] [5] As microwave radiation at powers limited by current government regulations (1.6 W/kg for local absorption and 0.08 W/kg for whole body absorption 6 ) is non-ionizing and has not been shown to cause any long-term damage to human tissue, microwave imaging techniques have significant potential for medical imaging technology. [7] [8] [9] Traditionally, microwave imaging systems measure the spatial distribution of scattered fields using an antenna or an antenna array and reconstruct the image using various algorithms. The main challenge in the experimental implementation of these traditional systems is the design and fabrication of satisfactory transmitting and receiving antennas, which are required to have high directivity, a wide impedance bandwidth, and minimal size. The most problematic requirement is the size of the antenna, which is related to the operating frequency range (typically a range of 1-30 GHz corresponds to wavelengths from 30 to 1 cm) and for microwave imaging results in antenna dimensions on the order of centimetres and decimetres. This large size severely limits the resolution of these systems, as the high magnitude cross-talk patterns produced when antennas are placed near to each other will result in fairly low sensor densities on any detector array produced.
Advances in spintronic techniques have made spintronic sensors a promising alternative to traditional microwave sensors for microwave imaging. 5 One of the major advances is the discovery that a microwave signal can be rectified to a dc signal in a ferromagnetic material via the non-linear coupling between the microwave field and the material's dynamic magnetization. 10, 11 Spintronic sensors possess dual advantages over antenna sensors in both their small size and their experiment-friendly dc-voltage output which can be used for signal processing. The sensitivity of spintronic sensors (which is characterized by the ratio between the produced dc voltage and the incident microwave power) has been significantly improved by the development of microwave technology and nano-fabrication techniques. Recent experimental results 12, 13 have found that at ferromagnetic resonance the sensitivity of spin-diode based magnetic tunnel junctions (MTJs) 10 can be as high as 280 mV/mW; meanwhile, theoretical calculations 14 have predicted that the sensitivity of spin-diodes may exceed that of passive semiconductor Schottky-diode microwave detectors (about 1000 mV/mW). These results make spindiodes very interesting for practical applications in microwave measurement technology. Note that in contrast to any conventional semiconductor sensors, the spintronic sensor can detect not only the electric field of microwaves but also the magnetic field of microwaves. 15 Besides the ability to detect microwave intensity, the spintronic sensors also have the ability to detect microwave phase on-chip, which has been recently demonstrated in a spin dynamo 16 and an MTJ, 17 respectively. Hindering the development of spin-diode based detectors is their requirement of a static magnetic field to produce the ferromagnetic resonances required for their operation, typically of the order of tens to hundreds of mT depending on the microwave frequency. The single frequency operating mode of these detectors is also in contradiction with the generally broadband requirements of microwave imaging; thus, technology allowing non-resonant imaging of magnetization motion in ferromagnetic materials must be developed. 5, 18 In this letter we demonstrate an advancement in non-resonant microwave imaging using an on-chip spintronic sensor based on an MTJ, where the non-resonant Seebeck rectification results in a sensitivity of 1-10 mV/mW, at least two orders of magnitude higher than that in a spin dynamo. 11, 18 This allows the sensor to perform far-field imaging despite the fact that the intensity of scattered microwaves decreases quadratically with distance.
The key element of the spintronic microwave sensor is an MTJ structure. The MTJs are grown on an Si substrate covered with 200 nm SiO 2 and contain the following layers: PtMn(20 nm)/CoFe(2.27 nm)/Ru(0.8 nm)/CoFeB(2.2 nm)/CoFe (0.525 nm)/MgO(1.2 nm)/CoFeB(2.5 nm). The buffer and capping layer are TaN and Ta, respectively. This multilayer structure was further patterned into elliptical shapes with different dimensions and aspect ratios, but with the pinning direction always along the long axis. Applying a static magnetic field along their easy axis, the MTJs show single domain magnetization reversal, as seen in Fig. 1(a) for a sample with long and short axes of 190 and 100 nm, respectively.
Studies have found that thermal effects within MTJs can be significant, with giant Seebeck coefficients as high as S ¼ 1 mV/K reported at room temperature. [19] [20] [21] When placed under microwave radiation, the components of an MTJ are subject to Joule heating by the microwave current (i) produced by the incident radiation. Due to the asymmetry of the internal structure of the MTJ, this increase in temperature will result in a temperature gradient, DT, being produced across the MgO barrier layer; this gradient produces a dc
2 . This dc voltage, V r , is a result of Seebeck rectification, 22 and, as shown in Fig. 1(b) , it is strongest when the MTJ is in an anti-parallel (AP) state. As shown in Fig. 1(c) , V r is linearly sensitive to the microwave power incident on the MTJ by a direct microwave current injection, with sensitivities of 2.6 and 2.0 mV/mW measured for the AP and P states, respectively. The sensitivity of an MTJ is dependent on its size, with smaller MTJs generally having a higher sensitivity. It has also been found that the sensitivity of the MTJ remains constant for V r values as high as 1 mV (not shown). In contrast to the linear V r caused by non-resonant Seebeck rectification, the resonant V r (dependent on the precession cone angle) shows a sub-linear microwave power dependence at high levels due to nonlinear spin dynamics. A standard lock-in technique was used which fully modulated the microwave power amplitude with a 8.33 kHz square wave, enhancing the signal/noise ratio and enabling Seebeck rectified voltages as weak as 20 nV to be detected (this corresponds to a microwave injecting to the MTJ with a power of about 8 nW). In our experiment, unless otherwise specified, the MTJ used was kept in the AP configuration, and a horn antenna was used to channel 100 mW of microwaves towards the target. Because microwave intensity decreases quadratically with distance, V r and the output microwave power have a ratio on the order of 1 lV=mW in a measurement configuration when the sensor is placed about 25 cm away from the horn antenna.
To demonstrate the capability of a spintronic sensor to detect a microwave field, we have used it to measure a spatial distribution of microwave power. A detailed layout of the apparatus is shown in Fig. 2(a) , where a standard C-band (4-6 GHz) horn antenna connected to a microwave generator was used to emit microwaves onto a flat aluminium (Al) strip (width ¼ 5.08 cm, thickness ¼ 0.64 cm) positioned at a fixed 24 cm distance from the horn and angled to ensure a 45 incident angle for the microwaves. A spintronic microwave sensor connected to a Lock-in amplifier was then tasked with detecting the microwave field reflected from the aluminium strip.
The maximum observed V r [about 20 lV as shown in Fig. 2(c) ] corresponds to a DT of 0.4 K, according to the relation DT ¼ V r =S with a Seebeck coefficient of S % 50 lV=K in our MTJ. 22 The heating power across the tunneling barrier can be estimated by solving the thermal diffusion equation 22 and was found to be about 0.3 lW. Note that at a distance of about 50 cm away from the microwave radiation source, the average power density (calculated from the quadratically spread microwave in free space from the horn antenna) is about 0:19 mW=cm 2 . Therefore, the effective area of the sensor collecting the microwave power is estimated to be about 0:15 mm 2 , which is comparable to the size of a MTJ element including electrodes (0:05 mm 2 ). The value of the effective area of the sensor enables us to quantitatively assess its performance using a more practical quantity: the minimal detectable microwave power density of the sensor is 2 Â 10 À4 mW=cm 2 , a density typical at 50 m from a cellular base-station tower. 23 It is worth noting that the value of the thermal conductance of an ultra-thin MgO film, 19, 20, 22 which cannot be directly measured at this moment, will influence the solution of the thermal diffusion equation; therefore, the comparison between experiments and simulations should be regarded as qualitative.
Like any optical wave, microwaves obey the standard laws of optics and thereby interact with surfaces in the processes of reflection, refraction, diffraction, etc. Even though the environment our apparatus was placed in was large enough to emulate free space, the microwave propagation pattern seen was still very complex due to the fact that the microwaves reflected by the aluminium strip will interfere with the waves in free space [as shown in Fig. 2(a) ]. In addition, due to the aluminium strip's finite size, diffraction effects from its edges cannot be neglected. Despite these complexities, the spatial distribution of the reflected and incident microwave fields can be simulated using COMSOL Multiphysics as shown in Fig. 2(b) , where the incident microwave beam emitted from the horn antenna is assumed to consist of plane waves. In this simulated pattern we see that the incident microwave beam has the strongest intensity (as expected), in addition to an interesting series of side lobes seen connected to the incident beam.
Scanning the microwave field with the sensor in both the x and y directions, a two-dimensional image of the field can be generated [as shown in Fig. 2(c) ]. The area scanned [dotted lines in Fig. 2(b) ] was selected to minimize the effects of microwaves scattering off the sensor and its holder. The locations of the minimum and maximum microwave intensities, which are measured as locations of maximum and minimum induced V r by our detector and shown in Fig. 2(c) , are seen to shift along both the x and y axes and generally agree with the simulated pattern. Simulated and measured wave patterns at different frequencies feature the same characteristics as seen in Figs. 2(b) and 2(c), with the space between lobes appearing to increase as the frequency decreases. In all cases the reflected waves behave as a standing wave with an intensity that decays quadratically with distance from the strip. It is notable that the wavelength of the microwaves used in our measurements is about k ¼ 5 $ 7:5 cm, which is comparable to or larger than the width of the aluminium strip.
Using a horn antenna as a transmitter and an MTJ based sensor as a receiver, we also demonstrate that nondestructive imaging can be achieved using microwave reflection imaging. As shown in Fig. 3(d) ), a standard X-band horn antenna (8) (9) (10) (11) (12) GHz) is placed 15 cm away from the surface and positioned so that the microwaves will be incident upon the surface at an angle of 45 , while the MTJ sensor is placed across from the horn a distance of 15 cm from the surface and positioned so that waves from the horn which reflect off the surface at an angle of 45 will travel directly to the sensor. The surface being imaged consists of a 50 cm Â 50 cm sheet of plywood 3.0 cm thick with a circular Al disk (diameter ¼ 7.12 cm, thickness ¼ 0.32 cm) fastened to the side opposite that of the horn and detector. Therefore the plywood hides the Al disc from the sensor. Scanning the surface in the x-z plane, we can record the microwave field distribution scattered by the surface using the MTJ sensor. As shown in Fig. 3(a) , the distribution of the V r induced in the sensor by the reflected microwave field is significantly influenced by the presence of the Al disk, as where the disk is mounted on the surface an abnormal area clearly appears in the mapped V r distribution (where the dotted line in Fig. 3(a) indicates the position of the disk).
This proposed technique for using spintronic microwave sensors to perform far-field microwave imaging is not only able to non-destructively detect hidden objects but may also possess the capability to determine the size and composition of these hidden objects. In addition to the 7.12 cm diameter Al disk mentioned previously, we have also performed far-field imaging on an Al disk with a 5.08 cm diameter (Fig. 3(b) ) and an acetal disk with a 7.12 cm diameter (Fig. 3(c) ). The colour intensity scales in Figs. 3(a)-3(c) are the same to allow these images to be systematically compared. An interesting feature of Fig. 3(c) is that the dielectric constants of acetal ( r ¼ 3:7) and air ( r ¼ 1) can be clearly differentiated by using this microwave imaging technique.
In summary, the high sensitivity of MTJ based spintronic microwave sensors enable direct spatial measurements of scattered microwave field distributions. The capability to non-destructively detect hidden objects in the far-field range suggests a promising approach in non-contact and nondestructive microwave imaging methodology for use in industrial, chemical, and biological applications can be developed by using spintronic technologies.
